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Abstract Muscles of old laboratory rodents experience
exaggerated force losses after eccentric contractile
activity. We extended this line of inquiry to humans
and investigated the influence of fiber myosin heavy
chain (MHC) isoform content on the injury process.
Skinned muscle fiber segments, prepared from vastus
lateralis biopsies of elderly men and women (78+
2 years, N=8), were subjected to a standardized
eccentric contraction (strain, 0.25 fiber length; velocity,
0.50 unloaded shortening velocity). Injury was
assessed by evaluating pre- and post-eccentric peak
Ca”*-activated force per fiber cross-sectional area
(Fmax)- Over 90% of the variability in post-eccentric
Fmax could be explained by a multiple linear regression
model consisting of an MHC-independent slope, where
injury was directly related to pre-eccentric F.,, and
MHC-dependent y-intercepts, where the susceptibility
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to injury could be described as type [la/IIx fibers>type
[la fibers>type I fibers. We previously reported that
fiber type susceptibility to the same standardized
eccentric protocol was type Ila/llx>type Ila=type I
for vastus lateralis fibers of 25-year-old adults (Choi
and Widrick, Am J Physiol Cell Physiol 299:C1409—
C1417, 2010). Modeling combined data sets revealed
significant age by fiber type interactions, with post-
eccentric Fy,. deficits greater for type Ila and type Ila/
IIx fibers from elderly vs. young subjects at constant
pre-eccentric Fi... We conclude that the resistance of
the myofilament lattice to mechanical strain has
deteriorated for type Ila and type Ila/lIx, but not for
type I, vastus lateralis fibers of elderly adults.

Keywords Sarcopenia - Muscle damage - Lengthening
contractions - Fiber types - Myosin heavy chain

J-Y. Lim

Department of Rehabilitation Medicine,

Seoul National University College of Medicine,
Seoul National University Bundang Hospital,
Seongnam, Republic of Korea

W. R. Frontera

Departments of Physical Medicine and Rehabilitation and
Physiology, School of Medicine, University of Puerto Rico,
San Juan, Puerto Rico

R. A. Fielding

Nutrition, Exercise Physiology and Sarcopenia Laboratory,
Jean Mayer USDA Human Nutrition Research Center on
Aging, Tufts University,

711 Washington St.,

Boston, MA 02111, USA

@ Springer



216

AGE (2012) 34:215-226

Introduction

Sarcopenia is characterized by a loss of skeletal muscle
mass and an associated deterioration in the functional
properties of the remaining muscle tissue (Goodpaster et
al. 2006; Larsson et al. 1979). The demographic
changes projected for the developed countries and the
impact that these changes in muscle function will have
on health care costs and quality of life, have made
understanding the mechanisms underlying these age-
related changes in skeletal muscle contractility of
critical importance.

The age-related decline in the ability of skeletal
muscles to produce force can be attributed to
modified motor unit activation (for recent reviews,
see Klass et al. 2007 and Aagaard et al. 2010) and to
alterations in the muscle tissue. The latter includes
fiber loss and atrophy (Larsson et al. 1979; Sato et al.
1984; Lexell et al. 1988), impairments in the
excitation—contraction process (Delbono et al. 1995;
Wang et al. 2002), and perturbations to actomyosin
cross-bridge function (Larsson et al. 1997; Thompson
and Brown 1999; Lowe et al. 2001; Frontera et al.
2000; Hook et al. 2001; Krivickas et al. 2001). These
factors are specific to the mode of muscle contraction,
impacting force during isometric and shortening
contractions but having much less effect on force
during lengthening or eccentric, muscular activity
(Porter et al. 1997; Poulin et al. 1992; Phillips et al.
1991; Ochala et al. 2006; Hortobagyi et al. 1995).

Despite a disproportionate preservation of eccen-
tric strength in the elderly, the tissue injury that is
associated with novel or excessive eccentric muscular
activity may be exacerbated by the aging process.
This is most evident in animal models where greater
immediate post-eccentric force deficits have been
observed in lower limb muscles of old vs. young or
middle-aged animals (Zerba et al. 1990; Brooks and
Faulkner 1996; Lynch et al. 2008). However, findings
have been mixed regarding the effect of age on the
susceptibility to eccentric-induced muscle injury in
human subjects with some reporting an exaggerated
response in the elderly (Manfredi et al. 1991), others
finding no difference between young and old
(Dedrick and Clarkson 1990), and some finding less
injury in the elderly (Lavender and Nosaka 2006a).

In addition to the acute effects of eccentric
muscular activity, the ability to recover from injury
and to adapt to this mode of contractile activity have
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been reported to be impaired in old animals and
elderly human subjects (Cutlip et al. 2006; McBride
et al. 1995; Dedrick and Clarkson 1990; Clarkson and
Dedrick 1988; Lavender and Nosaka 2006b; Brooks
and Faulkner 1990; Rader and Faulkner 2006). In
fact, it has been proposed that an increased suscepti-
bility to eccentric exercise and/or an impaired ability
to recover and adapt may underlie the force deficits
that are characteristic of old age (Brooks and Faulkner
1990). Thus, understanding how muscles of the
elderly respond to contraction-induced damage may
have important clinical relevance for this population.

In the present study, we used a novel experi-
mental approach to evaluate eccentric muscle injury
in elderly adults. The approach utilized Ca®'-
activated skinned muscle fiber segments that were
subjected to a single, standardized eccentric contrac-
tion, with injury assessed from measures of pre-
eccentric and post-eccentric force. Because this
preparation bypasses the physiological processes
responsible for cell activation, injury can be attrib-
uted to eccentric contraction-induced alterations at
the level of the myofilament lattice. This approach is
physiologically relevant because the myofilament
lattice is the site where the injury process is thought
to originate (Proske and Morgan 2001; Morgan
1990). Following the physiological measurements,
each fiber segment was recovered for electrophoretic
analysis. This allowed us to differentiate responses
of muscle cells based upon their myosin heavy chain
(MHC) isoform expression, an important consider-
ation as muscle cells isolated from faster muscles of
adult laboratory rodents appear be more sensitive to
injury at the level of the myofilament lattice than
fibers isolated from slower muscles (Warren et al.
1994; Macpherson et al. 1996).

Methods

Subjects Eight elderly subjects participated in this
study (five males and three females; mean age=78+
2 years; range, 73—87 years). Each subject completed
a medical history questionnaire and was examined
by a physician before entry into the study. Subjects
were excluded if they had any acute or chronic illness
or injury, had been diagnosed with neuromuscular or
cardiovascular disease, had uncontrolled hypertension
(>150/90 mmHg), had experienced an upper or
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lower extremity fracture in the past 6 months, or had
any other unstable medical condition. None of the
subjects were using drugs that affected neuromuscular
function and none of the females were on estrogen
replacement therapy. At a minimum, subjects had not
participated in any regular endurance or resistance
exercise training during the previous 6 months.

All subjects were informed of the study purpose,
procedures, and risks, and each subject consented to
participate in writing. The institutional review boards
of Spaulding Rehabilitation Hospital and the Jean
Mayer USDA Human Nutrition Research Center on
Aging at Tufts University approved the study,
including the procedures for recruiting, informing,
and enrolling subjects.

Preparation of skinned fiber segments Muscle samples
were obtained from the vastus lateralis using the
percutaneous biopsy technique. As previously de-
scribed (Choi and Widrick 2010), the muscle sample
was immediately placed in cold (4°C) relaxing
solution (for composition, see below), divided into
small bundles, and the bundles tied with silk surgical
suture to glass capillary tubes and chemically skinned
for 24 h in a solution containing 50% relaxing
solution and 50% glycerol (4°C). Bundles were
subsequently stored at —20°C for up to 4 weeks.
Skinned muscle bundles were incubated for 30 min in
relaxing solution containing 0.5% Brij-58 (polyoxy-
ethylene 20 cetyl ether; Sigma Chemical) prior to
experiments to ensure disruption of the sarcoplasmic
reticulum.

Preparation of individual segments for study On the
day of an experiment, a single fiber segment was
carefully isolated from a fiber bundle and secured to
connectors extending from an isometric force trans-
ducer (Model 400, Aurora Scientific, Aurora, ON,
Canada) and a high-speed servomotor (Model 308B,
Aurora Scientific) using 10-0 suture as previously
detailed (Choi and Widrick 2010). The length of the
connector extending from the motor was 3 mm as in a
previous study (Choi and Widrick 2010). Sarcomere
length (SL) was the average of measurements made
along three distinct portions of the fiber using a
calibrated eyepiece micrometer. We aimed for an SL
of 2.6 um. Fiber length (FL) was measured using a
stage micrometer. Fiber cross-sectional area (CSA)
was calculated from fiber width and depth measure-

ments (obtained from a right angle prism orientated
next to the fiber) as previously described (Choi and
Widrick 2010).

Experimental protocol The experimental design and
procedure were identical to previous experiments
conducted in our laboratory on skinned fibers from
young subjects (Choi and Widrick 2010). The
activating and relaxing solutions contained 7.0 mM
EGTA, 14.5 mM creatine phosphate, 20.0 mM imid-
azole, 4 mM Mg?"-ATP, and 1 mM free Mg**, with
either 0.001 pM free Ca>* for the relaxing solution
(pCa, 9.0) or 31.6 uM free Ca®" for the activating
solution (pCa, 4.5). Solution pH and total ionic
strength were 7.0 and 180 mmol, respectively. The
concentration of metals and ligands required to yield the
required free Ca®* concentrations were determined with
an iterative computer program (Fabiato 1988) using
stability constants adjusted for pH, temperature, and
total ionic strength as previously described (Choi and
Widrick 2010). Solution temperature was continuously
monitored by a small thermocouple submerged in the
solution next to the fiber. All experiments were
conducted at a solution temperature of 15°C.

The experimental protocol is summarized in Fig. 1.
A slack test procedure was used to determine
pretreatment unloaded shortening velocity (7). Fibers
were then maximally activated, force was allowed to
plateau, and the fiber was lengthened by 0.25 FL at a
velocity of 0.50 V. The fiber was held at the final
length for 100 ms, and then slacked to ~80% of initial
FL in order to zero the force transducer. The fiber was
immediately transferred into relaxing solution and
once it had relaxed, re-extended to its original FL.
Posttreatment force was measured by activating the
fiber, allowing it to attain peak force, and subjecting it
to a slack step <20% of FL in order to zero the
transducer.

Figure 1b illustrates how dependent variables of
force and work were evaluated. Pre-treatment force
was defined as the force immediately prior to the
onset of lengthening or, in the case of control fibers
(see below), at the conclusion of the fixed-end
contraction. Posttreatment force was defined as the
maximal force attained by the fiber during four to five
posttreatment activations (several posttreatment acti-
vations were conducted to ensure that force had
stabilized). Maximal eccentric force was defined as
the peak force attained during lengthening. The work
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Fig. 1 Experimental protocol. a Shows five superimposed
length steps and below those, the corresponding superimposed
force responses obtained during a slack test. The time for force
redevelopment was plotted against the slack length step and fit
by linear regression to yield V; (per fiber length). b The same
fiber was activated and lengthened 0.25 fiber length at a
velocity of 0.50 V;, held at the final length for 100 ms, and then
slacked to zero the transducer. The work done on the fiber was
calculated as the force-time integral during the eccentric
contraction (hatched area). ¢ Shows one posttreatment force

done on the fiber during the eccentric contraction was
calculated as the force-time integral during fiber
lengthening. The force transducer zero output was
used as a baseline for all force measurements. All
forces were normalized to the fiber’s CSA.

Control experiments Some fibers were assigned to a
control treatment in order to verify that the changes
observed following the eccentric treatment could be
attributed to the treatment per se and not to a time or
contraction-dependent deterioration of the prepara-
tion. Control fibers were treated exactly as described
above except that a fixed-end contraction (followed
by a slack step to zero the transducer) substituted for
the lengthening contraction.

Fiber type identification Fiber segment MHC isoform
content was evaluated using gel electrophoresis and a
silver staining procedure as previously described
(Choi and Widrick 2010). An example of a silver
stained gel, illustrating identification of all three adult
MHC isoforms present in human skeletal muscle, is
presented in Fig. 2.

Quality control Fibers were excluded from analysis if

they broke or if they showed partial myofibrillar
tearing at any observational time point following the
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evaluation for the same fiber. As in b, a slack step used to
establish a consistent force baseline. Pre-treatment and post-
treatment force (P,) were evaluated as shown. Control fibers
were treated in an identical manner except that the fiber was not
lengthened during treatment in b. Vertical and horizontal
calibration bars represent 200 pm for length, 0.5 mN for
force, and 100 ms for time. Note that force and length
calibrations are the same across all panels but that the time
scale is compressed in b

experimental treatment. An image of a partially torn
fiber has been presented in our previous work (Fig. 4a
of reference Choi and Widrick 2010).

Statistical analysis Within each identified fiber type,
there were no gender differences in SL, FL, pre-
treatment-specific force, or V. In addition, fibers from
males and females showed similar force changes
following the experimental treatment. Thus, data were
collapsed across gender for subsequent analysis.
Multiple linear regression was used to identify the
factors contributing to fiber injury. We modeled
posttreatment force from fiber MHC isoform content,
the pre-treatment force, the maximal force attained
during the eccentric contraction, and the work done
on the fiber during eccentric treatment as independent

I
l
l
I
)

1 2 3 4 5 6 7 8

Fig. 2 Silver-stained 6% polyacrylamide gel illustrating iden-
tification of type I, Ila, and IIx MHC isoforms in skinned
segments of human vastus lateralis fibers. Lane 6 contains a
human MHC isoform standard. All other lanes were loaded
with a single skinned muscle fiber segment
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or predictor variables. These predictors were chosen
because they have been shown in a previous work to
be correlated with eccentric damage (Macpherson et
al. 1996) or because we had previously shown that
they described post-eccentric force of skinned fibers
of younger subjects (Choi and Widrick 2010).

Because multiple fibers were studied per biopsy,
individual fibers are correlated with a particular
subject. Therefore, fibers were not considered inde-
pendent observations. A robust variance estimator
was used to adjust standard errors for this clustering
of data points within a subject (Hardin and Carroll
2003). All statistical analyses were conducted using
Stata 11 (StataCorp LP). The alpha error rate was set
at p<0.05. All data are presented as mean + SE.

Results

Breakage rate of fibers and final sample sizes One
hundred and seventy-one fibers were subjected to
control or eccentric treatments. One eccentric treat-
ment fiber was eliminated from analysis because it
was the sole fiber co-expressing type I and Ila MHCs.
None of the 29 control fibers studied (11 type I, 14
type Ila, and four type Ila/lIx fibers) broke or tore
during an experiment. In contrast, 29 out of the 141
fibers subjected to the eccentric treatment showed
complete or partial breakage at some point during an
experiment and were eliminated from analysis. All
broken or partially broken fibers were recovered and
subjected to gel electrophoresis for identification of
their MHC isoform content. The breakage rate was
20% for type I fibers (12 of 60 eccentric treatment
fibers studied), 20% for type Ila fibers (13 of 64
eccentric treatment fibers studied), and 24% for type
[Ta/IIx fibers (four out of 17 eccentric treatment fibers
studied), yielding final sample sizes of 48 type I, 51
type Ila, and 13 type Ila/IIx eccentric treatment fibers,
respectively, for analysis. The similar breakage rates
across fiber types indicate that our results are unlikely
to be confounded by any fiber type-specific breakage
bias during the eccentric treatment.

Baseline characteristics of fibers There were no
statistical differences in the baseline characteristics
of control vs. treatment fibers within any of the three
fiber types studied. Sarcomere length (2.61+0.01,

2.62+0.01, and 2.62+0.01 wm for type I, Ila, and Ila/
IIx fibers, respectively), FL (1.37+0.03, 1.38+0.02,
and 1.32+0.03 mm), and pre-treatment force (115+3,
116+2, and 119+6 kN/m?) did not differ with fiber
type for pooled control and eccentric treatment data.
As expected, V, was slower for type I fibers (0.75+
0.03 FL per second) compared to type Ila (2.62+0.14
FL per second), and Ila/lIIx fibers (2.974+0.30 FL per
second). Fiber compliance (defined as the displace-
ment intercept of the slack test plots expressed as a
percent of FL), did not vary across fiber types (3.5+
0.2, 3.3+0.2, and 3.8+0.4% FL for type I, Ila, and
ITa/IIx fibers, respectively).

Mechanical characteristics of the eccentric contraction

The maximum force attained during the eccentric
contraction, the work done on the fiber, and the ratio
of pre-eccentric to maximal eccentric force all showed
no statistical difference across the three fiber types
(Fig. 3). The absence of differences is likely due to
our standardization of strain magnitude and velocity
to each individual fiber’s FL and V,, respectively.

Focal sarcomere disruption following the eccentric
contraction Light microscopy revealed regular sarco-
mere spacing in relaxed and activated fibers before
the eccentric treatment (Fig. 4). Disrupted regions of
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Fig. 3 Mechanical characteristics of the eccentric treatments. a
Pre-treatment force. b Maximal force attained during the
eccentric contraction. ¢ Ratio of maximal eccentric force and
pre-treatment force. d Work done on the fiber during the
eccentric contraction. Values are mean=SE. Gray, black, and
gray with hatching represent type I (n=48), lla (n=51), and Ila/
IIx (n=13) fibers, respectively
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Fig. 4 Images of a fiber under relaxed and Ca*'-activated
conditions, before and after a single eccentric contraction. Note
that the two pre-treatment images were not obtained at the same
location along the length of the fiber as the two posttreatment
images. Also, the images obtained during activation were not

sarcomeres were sometimes apparent after an eccen-
tric contraction in unbroken fibers. These regions
were comprised of weaker sarcomeres as evidenced
by their extension when the fiber underwent Ca®"
activation. We did not always observe sarcomere
disorganization in fibers showing functional deficits.
However, we did not routinely examine the entire
fiber volume in a systemic manner for signs of
damage.

Modeling post-eccentric Ca’" -activated force The
average change in force following the eccentric
contraction was —5.0+£0.6, —18.9+1.2, and —28.2+
2.5 kN/m? for fibers expressing type I, Ila, and ITa/IIx
MHC, respectively. Post-force was modeled by
multiple linear regression. The best model for
predicting post-eccentric force was obtained with pre-
eccentric force and fiber type as independent variables
(*=0.91, p<0.001). The model was described as
follows:

post-force = 0.87(pre-force)
+ (9.52 kKN/m? for a type I fiber)
— (4.47 kN/m? for a type Ila fiber)
— (13.40 kN/m? for a type Ila/IIx fiber).

The regression lines for each fiber type, along with the
raw data points, are plotted in Fig. 5.

The slope of the model indicates that fibers with
greater pre-eccentric force per cross-sectional area
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activated
(pCa 4.5)

necessarily captured when the fiber was at its peak force. Note
the reduction in skinned fiber cross-sectional area during Ca®'-
activation (Kawai et al. 1993). Not all fibers displayed visible
signs of sarcomere disruption as shown here. Scale represents
50 um

experienced greater post-eccentric force deficits,
independent of fiber type. Significant differences
between the type I and Ila y-intercept coefficients of
the model (p=0.001) and between the type Ila and
ITa/IIx y-intercept coefficients (p=0.036) reveal that
fiber MHC isoform content also influenced post-
eccentric force. The susceptibility of populations of
fibers to injury can therefore be described as type Ila/
[Ix>type Ila>type I (most to least susceptible) at any
given pre-eccentric force.
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Fig. 5 Modeling of post-eccentric force. Over 91% of
variability in post-eccentric force could be explained by a
regression model that used pre-eccentric force and fiber MHC
isoform content as independent variables. Shown are the raw
data points (type 1, open circles; type lla, filled circles; type 1la/
1Ix, filled triangles) and the regression lines for each fiber type
when pre-eccentric force is held constant. The y-intercept of the
regression line describing the response of the type Ila fibers
was significantly different from that of the type I fibers (p<
0.001) and the type Ia/llx fibers (p<0.05). See text for
regression coefficients. The dashed line is the line of identity
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Models were also developed using the mechanical
characteristics of the eccentric contraction to describe
post-eccentric force. Peak eccentric force (#*=0.82) and
the work done on the fiber (*=0.67) did not describe
post-eccentric force as well as the model presented
above.

Responses to the control treatment Force changes after
the control treatment averaged —0.64+0.45, —1.36+
0.61, and —1.25+0.75 kN/m? for type 1, Ila, and ITa/IIx
fibers, respectively. To ensure that our regression
model described the response to the eccentric contrac-
tion per se, we modeled posttreatment force of all
fibers as a function of pre-treatment force, fiber type,
and treatment (control treatment, eccentric treatment).
This regression analysis (*=0.92, p<0.0001) revealed
significant interactions between the control and eccen-
tric treatment for type I (p=0.014), type Ila (p=0.001),
and type lla/IIx (p<0.001) fibers. For example, at a pre-
eccentric force of 115 kN/m% the model predicted
fourfold (for type I fibers), 20-fold (for type Ila fibers),
and 30-fold (for type Ila/llx fibers) greater force
deficits following the eccentric treatment compared to
the control treatment. The eccentric force deficits are
therefore statistically different from, and quantitatively
much greater than, any deficits attributable to nonspe-
cific changes in the preparation. This is strong evidence
that the model developed in the preceding section
represents the effects of the eccentric treatment per se.

Discussion

The present study examined the effects of high
mechanical strain on the Ca”*'-activated force of
single skinned muscle fibers prepared from vastus
lateralis muscle biopsies of elderly human subjects.
This approach allowed us to apply an eccentric
contraction, standardized in terms of stain magnitude
and lengthening velocity, to maximally activated fiber
segments, functionally assess the extent of any injury,
and subsequently identify the MHC isoform content
of each individual segment. Multiple linear regression
analysis revealed two components, pre-eccentric-
specific force and fiber MHC expression, as important
predictors of the eccentric-induced damage process.
The first of these components indicated that pre-
treatment specific force (force/fiber cross-sectional

area) is indirectly related to post-eccentric force (or
directly related to the force deficit). Quantitatively, the
model predicts a 1.3 kN/m?> force reduction for every
10.0 kKN/m? increase in pre-eccentric force. This
component is independent of fiber MHC isoform
content, i.e., the change in post-eccentric force as pre-
eccentric force changes is the same for all fiber types.

The model also reveals that subpopulations of
fibers from elderly adults have significantly different
responses to the same standardized eccentric contrac-
tion. At constant pre-eccentric force, the relationship
between the force deficit and fiber MHC isoform
could be described as type Ila/llx>type Ila>type I
(from most susceptible to least susceptible). Thus,
given a type I, Ila, and Ila/IIx fiber, all with identical
pre-eccentric specific force of 115 kN/m? (an approx-
imate average specific force in this study) the model
predicts eccentric force deficits of 5.4 kN/m? (or 4.7%
of pre-eccentric force) for the type I fiber, 19.4 kN/m?
(or 16.9% of pre-force) for the type Ila fiber, and
28.4 kKN/m? (or 24.7% of pre-force) for the type Ila/
1Ix fiber.

Letting both pre-eccentric force and fiber type
vary reveals important features of the model. For
instance, there is a fiber type specific threshold for
injury by a single standardized eccentric contrac-
tion. The model predicts that type I fibers with pre-
eccentric force <73 kN/m? will show no force deficit
following our protocol. Note that a similar threshold
does not exist for type Ila and Ila/lIx fibers because
the y-intercept coefficients for these fibers are
negative. Thus, at the low end of the pre-eccentric
force range studied here, type I fibers show no
eccentric force deficit compared to deficits of 14 and
23 kN/m? for type Ila and IIa/IIx fibers, respectively.
This further illustrates the differential susceptibility
of slow and fast fibers from elderly adults to injury.

An advantage of our experimental approach is that
it allows evaluation of how the intact myofilament
lattice responds to mechanical strain under carefully
controlled and standardized experimental conditions.
Because contraction-induced injury to the muscle
tissue has been proposed to originate at the level of
the sarcomere (Proske and Morgan 2001; Morgan
1990), the present approach reveals novel information
about how the injury process is initiated in different
populations of muscle cells from elderly adults. A
potential limitation of our chemically skinned fiber
preparation is that it bypasses mechanisms of cell
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activation that are known to be sensitive to eccentric
contractile activity (Warren et al. 1993; Balnave and
Allen 1995; Ingalls et al. 1998), eliminates the role of
extracellular ion influx on the damage process (Zhang
et al. 2008), and may remove strain-sensitive
membrane-imbedded proteins involved in transmission
of force across the sarcolemma to the extracellular
matrix (Lovering and De Deyne 2004). Additional
caution must be exercised when generalizing the
present findings to the responses of fibers in intact
organisms. Fiber type recruitment patterns can super-
sede the sensitivity of individual fibers to eccentric
contractile activity (Vijayan et al. 1998, 2001).

In previous work, we modeled the susceptibility of
single vastus lateralis muscle fibers obtained from
young subjects to the same standardized eccentric
contraction (Choi and Widrick 2010). There are
several similarities between these studies. For in-
stance, in both our previous work and the present
study, we found that post-eccentric force deficits for
male and female subjects were similar. This suggests
that gender does not play a role in the acute responses
of the myofilament lattice to high strain lengthening
contractions, although our preparation does not
replicate some gender-specific factors, such as hor-
mone levels, that may exist under in vivo conditions. In
our earlier study on young subjects, we found that for
every 10 kN/m? increase in specific force, the force
deficit following a standardized eccentric contraction
increased by 1.6 kN/m? regardless of fiber MHC
isoform expression. This is comparable to the MHC-
independent force deficit predicted by the present
model for elderly subjects. Thus, this stress-dependent
component of the injury process appears to vary little
with age or is slightly reduced in the elderly.

In contrast, the susceptibility of subpopulations of
cells to injury varies greatly between our studies of
young and old subjects. The present finding that the
relationship between fiber type and susceptibility to
injury is type Ila/lIx>type Ila>type 1 contrasts
sharply with our earlier work on fibers from 25-
year-old subjects in which the relationship was
reported as type Ila/lIx>type Ila=type I (Choi and
Widrick 2010). Fibers in our earlier work were
studied at the same initial SL as the present fibers
and were subjected to a single eccentric contraction
standardized to FL and V; as in the present study. In
both studies, injury was assessed with each fiber
serving as its own control. Thus, valid inferences
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regarding age-related differences in the susceptibility
of specific fiber types can be drawn by combining
data sets and expanding the model to include an age
component (young vs. old).

This analysis, graphically summarized in Fig. 6,
reveals that with pre-eccentric force held constant, a
significant interaction exists between fiber MHC and
age for type Ila fibers (p<0.001) and for type Ila/IIx
fibers (p=0.041), but not for type I fibers (p=0.689).
The primary conclusions are that the resistance of
type I fibers to eccentric injury at the level of the
myofilament lattice is preserved well into the eighth
decade of life, at a time when the myofilament lattice
of the type Ila and Ila/lIIx fibers have become much
more vulnerable to mechanical strain. Quantitatively,
the model predicts that a type Ila fiber from an elderly
subject will have a 12.7 kN/m” greater post-eccentric
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Fig. 6 Comparing responses of fibers from young and old
subject populations to a single eccentric contraction. Multiple
linear regression revealed significant interactions between fiber
type and age when post-eccentric force was modeled from
predictors of pre-eccentric force, fiber MHC isoform content,
and age group (*=0.91, p<0.0001). Pre-eccentric force had a
significant effect on post-eccentric force independent of fiber
type (slope=0.88, p<0.001). With pre-eccentric force held
constant, the predicted post-force of type I fibers from young
subjects (designated Y-7) was not different (p=0.689) from that
of type I fibers from old subjects (designated O-/), i.e., the y-
intercepts of the regression lines are not statistically different.
However, at any given pre-eccentric force, force deficits of type
Ila fibers from young subjects (designated Y-/la) following an
eccentric contraction would be significantly greater (»p<0.001)
than the deficits predicted for type Ila fibers from old subjects
(designated O-Ila), i.e., the y-intercepts of these responses are
significantly different. Likewise, type Illa/llx fibers from old
subjects (designated O-Ila/Ilx) were predicted to have signifi-
cantly greater (p=0.041) force deficits than type Ila/lIx fibers of
young subjects (designated Y-Ila/Ilx). Note that the responses of
the young type I, young type Ila, and old type I fibers virtually
overlap and cannot be individually distinguished in the figure.
The dotted line is the line of identity. Data for young subjects
previously reported by Choi and Widrick (2010); data for old
subjects from present study
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force deficit compared to a type Ila fiber from a
younger subject, provided the two fibers had identical
pre-eccentric force. For type Ila/lIx fibers of similar
pre-eccentric force, the age-related increase in the
force deficit is predicted as 6.2 kN/m?.

Our model may have important implications for
understanding the muscle weakness that characterizes
old age. The heightened susceptibility to damage
observed here, coupled with an impaired ability to
recover from injury or adapt to repeated exercise
reported by others (Dedrick and Clarkson 1990;
McBride et al. 1995; Brooks and Faulkner 1990;
Rader and Faulkner 2006; Lavender and Nosaka
2006b; Cutlip et al. 2006) could be a contributor to
the reduced lower limb muscle strength of elderly
adults. Because contraction-induced damage impairs
excitation—contraction coupling and cross-bridge
function (Balnave and Allen 1995; Warren et al.
1994), a heightened susceptibility to injury could
initiate the age-related deterioration in muscle fiber
activation and contractility (Delbono et al. 1995;
Wang et al. 2002; Larsson et al. 1997; Thompson
and Brown 1999; Lowe et al. 2001; Frontera et al.
2000; Hook et al. 2001; Krivickas et al. 2001).

Consistent with our results, studies conducted on
skinned fibers from EDL muscles of young and old
laboratory rodents have identified age-related deficits at
the level of the force-producing or force-transmitting
components of the cell (Lynch et al. 2008; Brooks and
Faulkner 1996). However, further comparison with the
present work is complicated by the fact that fiber MHC
isoform content was not determined in these previous
studies and that the muscles studied express high levels
of an MHC isoform (type 1Ib) not present in human
limb muscles.

Morgan (Morgan 1990) has proposed that sarco-
mere length heterogeneity during active stretch results
in the extension of some sarcomeres onto the
descending limb of their length—tension relationship,
making them weaker than sarcomeres that remain on
the plateau of their length—tension curve. These
weaker sarcomeres are then overextended beyond
myofilament overlap, leading to mechanical damage
to the cell. Interpreting our results within this
framework implies that fast, but not slow, fibers of
elderly subjects exhibit greater sarcomere length
heterogeneity during stretch and a greater likelihood
of overextension and damage than similar fibers from
younger subjects.

It is important to note that we did not always
observe physically disrupted sarcomeres in every
fiber showing a post-eccentric force deficit. We do
not feel that this observation invalidates the interpre-
tation discussed above because light microscopy lacks
the power and resolution to detect many of the
sarcomeres that are disrupted by eccentric contrac-
tions (Brown and Hill 1991). Alternatively, functional
deficits may not necessarily correspond with histo-
logical markers of fiber disruption or degeneration in
aged animals, suggesting involvement of more subtle
mechanisms. For instance, muscles of old rats
chronically exposed to cycles of stretch—shortening
contractions produced much less force than muscles
from young animals subjected to the same stretch-
shortening protocol, yet muscles presented few
histological features of fiber degeneration (Cutlip et
al. 2006).

While our work has identified an association
between fiber MHC isoform content and injury the
locus of the problem may or may not reside within
MHC per se. Cross-bridge kinetics are altered with
aging (Larsson et al. 1997, Thompson and Brown
1999; Lowe et al. 2001; Frontera et al. 2000; Hook et
al. 2001; Krivickas et al. 2001) but whether these
changes are directly responsible for an age-related
increase in damage is unknown. Alternatively, des-
min, titin, myosin light chain 2, tropomyosin, and «-
actinin covary (either in concentration or isoform
expression) with fiber MHC isoform content (Prado et
al. 2005; Chopard et al. 2001; Schiaffino and
Reggiani 1996) and have all been implicated in
contraction-induced muscle injury (Meyer et al.
2010; Lieber et al. 1996; Koh and Escobedo 2004;
Zhang et al. 2008; Lehti et al. 2007; Belcastro 1993;
Childers and McDonald 2004). Finally, an age-related
increase in susceptibility to damage could be due to
environmental factors. Elevations in reactive oxygen
species (Fielding and Meydani 1997) and altered
protein phosphorylation (Gannon et al. 2008) are
hallmarks of aging muscle. Acute oxidative stress
exacerbates eccentric contraction-induced injury in
old laboratory animals (Zerba et al. 1990). Myosin
light chain 2 shows an age-related increase in
phosphorylation (Gannon et al. 2008), an alteration
that has been shown to increase susceptibility to
contraction-induced damage in fast fibers from adult
rodents (Childers and McDonald 2004). Desmin and
tropomyosin, two other strain sensitive proteins, also
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show increased phosphorylation with aging (Gannon
et al. 2008).

In summary, we have found that pre-eccentric fiber
force (per CSA) was directly related to the post-
eccentric force deficit, independent of fiber type, in
vastus lateralis fibers of old adults. In addition, at any
given pre-eccentric force, fibers co-expressing type
Ha/llx MHC were most susceptible to injury, those
expressing type Ila MHC were moderately suscepti-
ble, and those expressing type I MHC were least
susceptible. Comparison to earlier data collected on
similar fibers from young subjects (Choi and Widrick
2010) reveals that the resistance to mechanical strain,
at the level of the myofilament lattice, has deteriorated
in type Ila and Ia/llx, but not type I, vastus lateralis
fibers of elderly adults. It has been proposed that an
exaggerated susceptibility to contraction-induced injury
coupled with an inability to fully recover from injury,
contribute to muscle weakness in old age (Brooks and
Faulkner 1990). The present results provide evidence
supporting this proposal and point to properties
intrinsic to the myofilament lattice of fast fibers as
one contributing factor.
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